Third order hyperpolarizabilities were calculated using the Huckel Hamiltonian and third order perturbation theory for a series of phosphonitrilic compounds, (X2P -N),,, as a function of bond length alternation, ligand substitution and backbone conformation. Phosphonitrilic compounds show hyperpolarizabilities comparable to those reported for organic species, and are modulated by ligand group electronegativity. In contrast to organic polyenes, the difference in it orbital energy between phosphorus and nitrogen is critical to determining the onset of saturation and the magnitude of the hyperpolarizability. Conformation effects are smaller than those seen in polyenes.
INTRODUCTION
While the search for materials with large macroscopic nonlinear properties has often focused on conjugated organic molecules, inorganic polymers feature many similar chemical bonding interactions and should also be viewed as viable candidates. Recent experiments on polyphosphazenes have shown that these polymers exhibit large bulk nonlinearities and high laser damage thresholds2. These properties combined with their transparency in the visible spectrum mark these compounds as potential alternatives for use in fabricating optical devices.
Most of the electronic properties of the polyenes, such as absorptions and both the linear and nonlinear optical properties3, are governed by the conjugated n bonding electrons.
Inorganic polymers such as the phosphonitrilic system feature two independent n-bonding networks, the normal rc network which is constructed from out of the plane pZ orbitals, and a second, less highly conjugated it network lying in the plane of the molecule4. The interaction of the two conjugated it electron systems has large effects on the electronic properties of the polyphosphazenes, increasing the optical transition energies of the out -of -plane it electrons5 as compared to organic molecules, and making intrinsic contributions to the electronic hyperpolarizabilities of the molecule.
The similarities in the chemical bonding between organic and inorganic polymers would indicate that some features which affect the nonlinear optical properties of polyenes, such as degree of bond alternation and chain conformation, should be considered for their potential influences on inorganic polymers. In addition, characteristics such as the large electronegativity differences between atoms along the polymer backbone which are unique to the inorganic polymers, may also have large effects on the hyperpolarizabilities. This We have calculated third order hyperpolarizabilities for a series of phosphazenes, (X2PN)n (tetramer shown in Figure 1 ), as a function of its molecular parameters, that is, ligand substitutions, bond alternation and chain conformation. These effects of these parameters on the hyperpolarizability are compared to similar calculations for polyenes, and are interpreted in terms of the electronic structure and chemical properties of the phosphazene.
METHODS
The nonlinear optical properties of organic molecules are dominated by the conjugated Tt electrons, allowing them to be treated in a predictive sense by a n electron Hamiltonian for the determination of their hyperpolarizabilities6. The Huckel Hamiltonian was selected for this work based upon two features: 1) The chemical bonding of phosphonitrilic systems are dominated by it bonding interactions, and 2) The simplicity of the Hamiltonian allows also for calculation of the hyperpolarizabilities for a range of molecular parameters.
The Huckel Hamiltonian is a tight -binding n electron Hamiltonian allowing interactions between near neighbor atoms. In second quantized form, this Hamiltonian can be written as:
where ci (cit) is the destruction (creation) operator, which destroys (creates) a n electron on atom i. The second summation is restricted to bonded pairs of atoms i,j. Atomic pz orbitals aze assumed to be orthogonal, and molecular eigen states are formed as linear combinations of the atomic pz orbitals. The ground state of the molecule is formed from the Slater determinant of the occupied molecular eigen states.
There are two sets of matrix elements which define the Hamiltonian, the Coulomb term ai which is approximately equal to the ionization energy of a p electron atom i, and the hopping term ßij describing the transfer of an electron from atom i to atom j. Ligand group effects at the phosphorus site were modelled by using a range of differences in the TI orbital energy (Aa) between the nitrogen and phosphorus centers. Structural parameters for the polyphosphazenes were taken from recent ab initio calculations for (F2PN)4 . Because of the large role bond alternation plays in calculations of the hyperpolarizability for polyenes and the existence of bond length alternation in short chain length phosphazenes4b,7, we have performed calculations 585 electronegativity difference may restrict the delocalization of the n electrons and decrease the magnitude of the hyperpolarizabilities. for a series of bond length alternations (0.00 (3pN = no bond alternation). The third order hyperpolarizability can be determined by expanding the energy of the molecule in a Taylor series, and using perturbation theory to calculate the coefficients of the expansion. Thus, the third order hyperpolarizability can be shown to be: 
where a, p, X, and 6 refer to Cartesian coordinates in the molecular reference frame, P being the permutation operator for a, p, A. 8; µ the one electron dipole operator, l0) is the ground state wavefunction, li) Ij) Ik) are excited state wavefunction, E0 the ground state energy and Ei the excited state energy. Summations extend over all possible excited states. Because of the nature of the dipole operator, it is possible to restrict the first summation to single and double electron excitations. The latter three summations are restricted to single electron excitations.
RESULTS
The focus of the current investigation is to provide a theoretical basis for the nonlinear optical properties of phosphonitrilic polymers. While there are a number of similarities in the electronic properties between the organic and phosphonitrilic systems, one of the significant differences is the charge distribution along the polymer backbone. Although polarized chemical bonding situations are well known to exist in organic polymer systems, larger electronegativity differences are still possible when second row elements are included in the polymer backbone. The effects of these changes in the electron distribution and their interactions with bond alternation contributions are examined in the following discussion on the hyperpolarizability of the polyphosphonitrilic system. The energy difference between pZ orbitals is held constant at Aa= 0.613PN alternation is shown in Figure 3 . The difference in orbital energies was held constant at 4a= 0.613pN to allow for direct comparisons with the cis -trans results in Figure 2 . The magnitudes of the hyperpolarizability per repeat unit for the trans conformation are comparable to those of the cis -trans conformation indicating that the length of the conjugated system, and not the backbone conformation, is also the important feature for inorganic polymers. The onset of saturation and the increase in nonlinearity per repeat unit determines the bulk nonlinearity for large molecular weight polymers. The rapid increase in the hyperpolarizability observed for small number of repeat units as shown in Figure 2 does not continue indefinitely, but instead quickly reaches saturation, where the nonlinearity becomes linearly dependent on the number of repeat units. Previous research in organic polymers has shown that the nonlinear optical properties saturate at a small number of repeat units, with the degree of bond alternation included in theoretical models being the key ingredient in determining when the models show saturation. The similarity of the shapes of the curves in Figures 2 and 3 indicate that bond alternation has no effect on the onset of saturation for the phosphonitrilic system. The decrease in the magnitude of the curves when bond alternation is included show that the existence of bond alternation in the polymer will decrease the magnitude of the bulk nonlinearity for either conformation of the polymer.
Electronic Interactions
The chemical bonding in phosphazenes has distinctly different electronic properties from organic polymers which may play a large role in determining their hyperpolarizabilities.
Perhaps most important of these is the interaction of the substituent groups attached to the phosphorus with the in -plane and out -of -plane rt bonding networks. The effects of varying substituent groups on the hyperpolarizability of phosphazenes was represented through variations in the energy of a pZ electron on the phosphorus atoms. Figure 4 shows the hyperpolarizability per repeat unit plotted against the number of repeat units for a number of energy differences, Da, between the nitrogen and phosphorus pZ orbitals, with the bond alternation held constant at 0.0413pN. Changing the energy difference between orbitals has a 588 |-----.-----1-----.-----i-----------1-----■-----1-----■--- ea=0.0eV ea=0.5eV ea=1.0eV ea=1.5eV
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CONCLUSIONS
We have calculated the third order hyperpolarizability for phosphazenes of increasing length using the Huckel Hamiltonian and third order perturbation theory, using a series of possible bond alternations and representations of different substituent groups on the phosphorus. These calculations have shown that bond alternation does not appear to play a large role in determining the saturation of polyphosphazenes, in contrast to the results observed for organically based polyenes. Substituent effects on the electronic structure play crucial roles in determining the hyperpolarizability, with the largest magnitudes coming with weakly electron drawing groups. 
